Abstract. The multimodal optical imaging technique, which utilizes nonlinear and linear optical processes, plays an important role in biological and biomedical research. As second-order nonlinear phenomenon, the two-photon luminescence (TPL) results from the nonlinear excitation of fluorescent molecules, while the second harmonic generation (SHG) depends on the second order nonlinear polarization, orientation, and noncentrosymmetric properties of molecules. In contrast, the linear resonance light scattering (RLS) occurs when the molecules are excited by a light beam with a wavelength close to their absorption bands. Since SHG, TPL, and RLS involve different kinds of optical processes, they might be used in parallel to provide complementary information about the structure and function of cells and tissues. Herein, we develop for the first time a multimodal optical microscopy with the capability of simultaneous SHG, TPL, and RLS imaging. We analyze theoretically and demonstrate experimentally the near-infrared irradiation-induced SHG, TPL, and RLS from the gold nanorods with nanometer spatial resolution. With the gold nanorods as the contrast agents, we further demonstrate the simultaneous SHG, TPL, and RLS imaging of A431 human epithelial skin cancer cells. This multimodal optical microscopy might provide a reliable and complementary approach for biological and biomedical research.
Introduction
Multimodal optical imaging technique based on linear and nonlinear optical processes has wide applications in biological and biomedical research and plays an important role in the study of cells and tissues as well as in vivo imaging. [1] [2] [3] [4] To date, great efforts have been put into the development of various multimodal optical techniques, [1] [2] [3] [4] such as the combination of second harmonic generation (SHG) and two-photon luminescence (TPL) for the imaging of cells and extracellular matrix, 1 the combination of optical coherence tomography (OCT) and SHG for the imaging of collagen, 2 the combination of OCT and TPL for the imaging of cancer cells and adipose tissue, 3 and the combination of Plasmon resonance Rayleigh scattering and surface-enhanced Raman scattering for the study of yeast cells. 4 However, the multimodal optical microscopy with the combination of SHG, TPL, and resonance light scattering (RLS) has never been reported so far.
As a three-dimensional imaging technology based on the nonlinear excitation of fluorophores, TPL is particularly suitable for biomedical research because of its inherent advantages of three-dimensional resolution, less photobleaching, and long depth penetration. [5] [6] [7] Two-photon excitation arises from the simultaneous absorption of two photons in a single quantitized event, and the wavelength of two-photon excitation is about twice that required for single-photon excitation. 5, 8, 9 As a younger sibling of TPL, SHG is a new high-resolution optical imaging tool for the visualization of cells and tissues due to its elimination of out-of-plane photobleaching. [10] [11] [12] SHG is a nonlinear optical effect whereby incident light is converted to the light of exactly half the wavelength. 11 In addition, SHG strongly depends on the defects and the small deviations from the symmetric shape. 13, 14 Recently, as a linear optical imaging tool, RLS has been employed to image cancer cells and tissues. [15] [16] [17] [18] When bio-assemblies and aggregation species are excited by a light beam with a wavelength close to their absorption bands, the enhanced RLS signal is observed. [19] [20] [21] [22] Since TPL, SHG, and RLS involve different kinds of optical processes, they might be used in parallel to provide complementary information about the structure and the function of cells and tissues.
Herein, we develop a multimodal optical microscopy that combines three kinds of different optical processes for simultaneous SHG, TPL, and RLS imaging with high spatial resolution. The transverse spatial resolution might reach 175, 202, and 292 nm for SHG, TPL, and RLS imaging, respectively. The gold nanoparticles have been reported to possess the second harmonic effect, two-photon excitation, and strong light scattering, [23] [24] [25] [26] [27] making them excellent contrast reagents for simultaneous SHG, TPL, and RLS imaging. In addition, the gold nanoparticles have significant advantages of excellent biocompatibility, nontoxicity, and good resistance to the photobleaching, 28 making them good markers for cancer cell imaging. In this research, simultaneous SHG, TPL, and RLS imaging of A431 human epithelial skin cancer cells are obtained using the gold nanorod-conjugated anti-epidermal growth factor receptor (anti-EGFR) antibodies.
Experimental Section

Setup of Multimodal Optical Microscopy
The experimental setup of multimodal optical microscopy is illustrated in Fig. 1 . A tunable mode-locked Ti:sapphire laser (Chameleon ultra II, Coherent, Inc.) was used as the excitation source, and it operated at the wavelength of 808 nm with a pulse duration of 140 fs and a pulse repetition rate of 80 MHz. The incident polarization direction and power were controlled by a half-wave plate and a Glan-Taylor polarizer. The sample was placed in the focal plane of the objective using a threedimensional micro-displacement. The pulse energy of the laser beam was 1.25 × 10 −10 J, and the energy density of laser beam was 1 mJ∕cm 2 . The laser beam was collimated, reflected by a dichroic mirror (10SWF-750-B, Newport), focused by an oilimmersion 100 × ∕1.49 NA objective lens (Olympus America, Inc., Melville, New York), and scanned the sample with a set of two-dimensional scanning galvanometer (6215H, Cambridge). The emitted lights were collected by three channels of RLS, TPL, and SHG, respectively. In RLS channel, resonance scattering light passed through a long-wave-pass optical filter (10LWF-750-B, Newport), and was detected by a photomultiplier tube (PMT, H10492-011, Hamamatsu). In TPL and SHG channels, the two-photon and second harmonic lights were epi-collected, separated by a dichroic mirror (10Z20ER.1, Newport), passed through two optical filters (10LWF-500-B and 10BPF70-400, Newport), and were detected by two PMTs (H10492-003, Hamamatsu), respectively. The data from three channels were acquired simultaneously, and the images were reconstructed in real time with a Labview data acquisition card (PCI-6132, National Instruments). The spectrometer (MAYA2000-PRO, Ocean Optics) was used to measure the emission spectrum of gold nanorods.
Characterization of Gold Nanorods
The gold nanorods were obtained from J & K Scientific Ltd. (Beijing, China). The extinction spectrum of gold nanorods was recorded on a PerkinElmer Lambda 25 UV∕vis spectrophotometer (PerkinElmer, Inc. Waltham). The size and shape distribution of gold nanorods were determined by the transmission electron microscopy (JEOL Ltd., Tokyo, Japan).
Preparation of Gold Nanorod-Conjugated Anti-EGFR Antibodies
The gold nanorod-conjugated anti-EGFR antibodies were prepared according to the method described by Huang 29 and Wang. 30 Briefly, the gold nanorods were centrifuged at 8000 rpm twice to remove the extra free cetyltrimethyl ammonium bromide (CTAB). To reverse the surface charge of gold nanorods, 31 polystyrene sulfonate (PSS, 10 mg∕mL in 1 M NaCl, Sigma) was added to the solution of gold nanorods with a volume ratio of 1∶10 under vigorous stirring for 3 h. The gold nanorods were further washed twice with water to remove the extra PSS, followed by being resuspended in N-(2-hydroxyethyl) piperazine-N'-2-ethanesulfonic acid (HEPES, 40 mM, pH ¼ 7.4, Sigma). The PSS-capped gold nanorods and the monoclonal anti-EGFR antibodies (Clone 29.1.1, Sigma) were then mixed at a volume ratio of 1∶1 and allowed to interact in HEPES buffer at room temperature for 45 min. For the control group, the nonspecific antibodies (monoclonal MOPC 21, Sigma) were used in place of the anti-EGFR antibodies. Finally, polyethyleneglycol (PEG, 10 mg∕mL in PBS, Sigma) was added to the mixture with a final concentration of 0.2 mg∕mL for stability, and the gold nanorod-conjugated antibodies were further centrifuged to remove the free reactants.
Cell Culture and Incubation of Cancer Cells with
Gold Nanorod-Conjugated Antibodies A431 human epithelial skin cancer cells (cell bank of Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco's modification of Eagle's medium (DMEM, Gibco) plus 5% fetal bovine serum (FBS, Gibco) at 37°C in a humidified atmosphere of 5% CO 2 . The cells were harvested using trypsin, and resuspended in 1× PBS buffer at a concentration of approximately 1.0 × 10 6 cells∕mL. Then the cells were incubated with either gold nanorod-conjugated anti-EGFR antibodies or gold nanorod-conjugated nonspecific antibodies at a volume ratio of 1∶1 for 45 min. Followed by being centrifuged at 200 g for 5 min to remove the unbound nanorods, the labeled cells were resuspended in a solution of collagen with a final concentration of approximately 5.0 × 106 cells∕mL. At last, the labeled cells were pipetted into a 120-μm spacer (Molecular Probes, Inc., Eugene) and sealed with a glass coverslip for subsequent imaging.
Results and Discussions
Characterization of Gold Nanorods
For simultaneous SHG, TPL, and RLS imaging, a suitable contrast reagent should be carefully selected. Figure 2(a) shows the TEM image of gold nanorods. The gold nanorods had an average length of 40 AE 3 nm and an average width of 10 AE 1 nm. In the near-infrared region, the gold nanorods demonstrated the localized surface plasmon resonances, 32 and its longitudinal plasmon resonance was centered at 808 nm [ Fig. 2(b) ]. In this research, the gold nanorods were employed as the contrast agents for simultaneous SHG, TPL, and RLS imaging of A431 skin cancer cells. First of all, we analyzed theoretically (Fig. 3 ) and demonstrated experimentally (Fig. 4) that the near-infrared irradiation might induce SHG, TPL, and RLS from gold nanorods simultaneously.
Near-Infrared Irradiation-Induced SHG, TPL, and RLS from Gold Nanorods
We first investigated theoretically the factors that influenced the SHG, TPL, and RLS from the gold nanorods (Fig. 3) . Nearinfrared irradiation induced the excitation of the localized surface plasmon resonances, resulting in RLS. The scattering of light by very small subwavelength-sized particles was well described by Rayleigh theory. 33, 34 For light vertically polarized and perpendicular to the scattering pane, the RLS intensity I RSL is given by the Rayleigh expression:
where s is the size of nanorods, n is the refractive index surrounding the nanorods, m is the refractive index of nanorods at the excitation wavelength, r is the distance between the nanorod and the detector, λ is the wavelength of the incident light, and I in is the incident laser intensity. Based on Eq. (1), the RLS intensity I RSL was linearly dependent on the impinging laser intensity, the size, and the aggregation of gold nanorods. 27 Together with their linear optical property, the nonlinear optical property of gold nanorods offered great promise for biological applications. 23, 25 Owing to both the localized surface plasmon resonances and the nanomorphology, the gold nanorods might emit SHG. 25 The SHG intensity I SHG is proportional to the squared second order nonlinear polarization χ ð2Þ and the particle dipole Q ð2Þ ð2ωÞ in the case of metallic nanoparticles, 14 
where Q ð2Þ ð2ωÞ is defined as
where fðωÞ is the local field enhancement factor at the fundamental frequency, and fð2ωÞ is the local field enhancement factor at the second harmonic frequency. Based on Eq. (2), the second harmonic intensity I SHG strongly depended on the incident laser intensity I in , and the SHG was resonantly enhanced by the localized surface plasmon resonances in the preferentially excited nanorods. 25 The gold nanorods emitted strong photoluminescence under two-photon excitation. 35 The two-photon absorption-induced electronic transition from the d-band to the sp-band generated an electron-hole pair, and the subsequent relaxation and recombination of electron-hole pairs led to the TPL emission. 36 The efficient TPL resulted from the local field enhancement induced by the surface plasmon. 23, 24 The TPL intensity I TPL is defined as
where n is the number of adsorbed nanorods, P is the radiative quantum yield of nanorods, and fðω L Þ is the local field factor of radiation. The excitation rate (R) is given by
where δ is the two-photon absorption cross-section of nanorods. Based on Eqs. (4) and (5), the incident laser intensity I in played a dominant role in the TPL efficiency, and the largest enhancement occurred when the incident light coupled with the longitudinal surface plasmon of gold nanorods. We further demonstrated the near-infrared irradiationinduced SHG, TPL, and RLS from gold nanorods experimentally. Figure 4(a) shows the emission spectra of SHG, TPL, and RLS at the excitation wavelength of 808 nm, respectively. The SHG emission spectrum of gold nanorods was in the range from 330 to 460 nm with a peak of 404 nm [ Fig. 4(a) ]. This result was in accordance with the theory that the emission wavelength of SHG was exactly one half wavelength of incident light. 25 The emission spectrum of TPL was in the range from 470 to 660 nm with two peaks of 517 and 651 nm [ Fig. 4(a) ], which resulted from the electron-hole radiative recombination near the X and L symmetry. 37 The RLS spectrum was measured at different excitation wavelengths and fitted to the Lorentzian calculation. The emission spectrum of RLS was in the range from 750 to 840 nm with a strong peak of 809 nm [ Fig. 4(a) ], which was very close to the excitation wavelength of 808 nm. This result was in agreement with the previous research that the electrons in the gold oscillated at the same frequency as the incident wave. 33, 34 Previous research demonstrated that the nonlinear processes were particularly sensitive to the plasmon resonances because of their quadratic dependence on the intensity. 23, 25 To determine the dependence of SHG, TPL, and RLS upon the excitation power, the gold nanorods were sparsely deposited on a glass slide, and a single emission spot of SHG, TPL, and RLS imaging was examined, respectively. Figure 4(b) shows the dependence of SHG, TPL, and RLS upon the excitation power. According to Eqs. (2), (4), and (5), the intensity of both SHG and TPL strongly depended on square of incident field intensity. 23, 25 The quadratic dependence of TPL intensity upon the incident power had an average slope value of 2.16 [ Fig. 4(b) , suggesting the twophoton process of TPL. 23 In addition, the nearly quadratic dependence of SHG intensity upon the incident power had an average slope value of 1.95 [ Fig. 4(b) , indicating a characteristic of second order nonlinear process of SHG. 25 According to Eq. (1), the intensity of RLS was linearly dependent on the impinging laser intensity. 33, 34 The linear dependence of RLS intensity upon the incident power had an average slope value of 0.98 [ Fig. 4(b) ], further confirming the linear process of RLS. 18 
Spatial Resolution of Multimodal Optical Microscopy
The plasmon resonance of gold nanorods in the near infrared region made them ideal contrast agents for SHG, TPL, and RLS imaging. 23, 25, 27 Previous research demonstrated the enhanced spatial resolution for both SHG and TPL imaging because of their nonlinear dependence upon the excitation power, 38, 39 while the resolution of linear scattering was restricted to the diffraction limit. 40 To determine the spatial resolution of this multimodal optical microscopy experimentally, the gold nanorods were imaged by SHG, TPL, and RLS, respectively. The SHG, TPL, and RLS images of gold nanorods are presented in the left panel of Fig. 5(a)-5(c) , respectively. The zoom-in images of a typical nanorod are shown in the right panel of Fig. 5(d) . Based on the calculation by the full wave at half maximum (FWHM) of the point spread function, 41 ,42 the resolution of nonlinear SHG and TPL imaging was estimated to be 175 and 202 nm, respectively, and the resolution of linear RLS imaging was estimated to be 292 nm (near diffraction limit). In addition, the spatial resolutions were also measured by using a N.A. (1.2) oil objective. The resolutions of SHG, TPL, and RLS were estimated to be 213, 256, and 354 nm, respectively. Notably, the resolutions of SHG, TPL, and RLS were comparable to or even much higher than those reported in the previous researches. 23, 38, 43 For example, the resolution of SHG was 200 nm for the imaging of star-shaped golds, 38 the resolution of TPL was 300 nm for the imaging of blood vessels, 23 and the Rayleigh scattering displayed submicrometer resolution for the imaging of single-walled carbon nanotubes. 43 The high spatial resolution of this multimodal optical microscopy offered great promise for further applications in biological and biomedical research.
Simultaneous SHG, TPL and RLS Imaging of Cancer Cells
This multimodal optical microscopy was further used for simultaneous SHG, TPL, and RLS imaging of A431 human epithelial skin cancer cells. Figure 6 shows the SHG, TPL, and RLS images of cancer cells incubated with the gold nanorodconjugated anti-EGFR antibodies and nonspecific antibodies, respectively, at the excitation wavelength of 808 nm. The bright rings were observed in the SHG [ Fig. 6(a) ], TPL [ Fig. 6(b) ], and RLS [ Fig. 6(c) ] imaging, respectively. These bright rings resulted from the aggregates of gold nanorods on the surface of cancer cells due to the specific interaction of EGFR antibodies with the EGFR receptors on the cell membrane. These results were in agreement with the previous research about a characteristic bright ring in the confocal reflectance imaging of cancer cells using spherical gold nanoparticlelabeled anti-EGFR antibodies. 44 Under the same laser power, the images of cancer cells in the control group with the treatment of gold nanorod-conjugated nonspecific antibodies are presented in Fig. 6 (d)-6(f). There were no characteristic bright rings of EGFR labeling appeared in the SHG, TPL, and RLS images in the control group because the nonspecific antibodies could not bind the EGFR receptors on the cell membranes. The blurred spots in the images of Fig. 6 (d)-6(f) might result from the nonspecific attachment of a few gold nanorods to the cell membranes, but they were negligible in comparison with the bright rings in the cancer cells incubated with the gold nanorodconjugated anti-EGFR antibodies [ Fig. 6(a)-6(c) ]. The signals of SHG, TPL, and RLS from the cancer cells incubated with the gold nanorods-conjugated anti-EGFR antibodies were so strong that they could be easily observed even using the low excitation power of 10 mW. Importantly, this is the first demonstration of simultaneous SHG, TPL, and RLS imaging of cancer cells. It should be noted that the gold nanorods may not be suitable contrast agents for in vivo bioimaging because of the essential opaqueness of tissues and the strong absorbance of hemoglobin in the wavelength range of 330 to 460 nm and 470 to 660 nm. For future practical applications, we might use the quantum dots as the contrast agents for in vivo imaging. 45 , 46 
Conclusions
In summary, we have developed for the first time a multimodal optical microscopy for simultaneous SHG, TPL, and RLS imaging of cancer cells. In this research, we had successfully combined SHG, TPL, and RLS imaging, which involved different kinds of optical processes, into one unitary system using nearinfrared single-wavelength excitation. In addition, we analyzed theoretically and demonstrated experimentally the near-infrared irradiation-induced SHG, TPL, and RLS from the gold nanorods with nanometer spatial resolution. More importantly, we demonstrated the simultaneous SHG, TPL, and RLS imaging of A431 human epithelial skin cancer cells using the gold nanorodconjugated anti-EGFR antibodies. This multimodal optical microscopy with the capability of simultaneous SHG, TPL, and RLS imaging might provide a reliable and complementary approach for biological and biomedical research.
